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Catechol analogs inhibit the formation of hydroxy lysine-derived intermolecular collagen 
cross links in tissue cultures of chkk embryo calvaria. Formation of intermolecular collagen 
cross links was measured following incorporation of I14C]lysine, reduction with sodium 
borohydride, and elution &·om an ion exchange column with a pyridine-formate gradient. 
Cultures grown in the presence of 10-:l M catechol, 10- :l M dopamine, 10- a M L-dopa, or 10-a M 
D,L-serine-(2.3,4-trihydroxybenzy])-hydrazide demonstrated between 43 and 84% inhibition 
of hydroxy lysine formation. Collagen biosynthesis was not diminished in these cultures as 
compared to controls without additions or with ,B-aminopropionitrile when measured by 
collagenase digestion. The formation of hydroxylysine-derived intermolecular cross links 
was inhibited 34 to 93<n for 5,5' -dihydroxylysinonorleucine and 7 to 71% for 5-hydroxylysi-
nonorleucine. 
The catechol analogs also inhibit the activity of lysyl hydroxylase as measured by specific 
tritium release as tritiated water from an L-14,5-:'H]lysine-labeled unhydroxylated collagen 
substrate prepared from chick calvaria. Since catechol analogs inhibit the formation of 
hydroxylysine in a cell-free assay, these compounds must pass into the cells of calvaria in 
this culture system to inhibit intracellular hydroxylysine formation and subsequently to 
diminish the reducible intermolecular cross Jinks of the newly synthesized coHagen. 
Collagen, the major constituent of most connec-
tive tissues, supports the structural integrity of 
the body due to the remarkable tensile strength of 
the collagen fibers. This stability results from the 
unique configuration and attachment of coHagen 
molecuJes to each other. During extracellular ag-
gregation, collagen molecules align in a highly 
specific one-quarter stagger array. Covalent cross 
links are formed between hydroxy lysine side 
chains and hydroxyallysine or allysine to lock col-
lagen molecules into place [1-3]. These intermo-
lecular covalent linkages prevent slippage of adja-
cent molecules to maintain high tensile strength. 
Also, these linkages stabilize the molecular config-
uration, resulting in a form which may be more 
Manuscript received June 21, 1976; accepted for pub-
lication September 30, 1976. 
Publication No. 12 of the Dermatological Research 
Laboratories of Duke University Medical Center. 
This work was supported by NIH Grant No. 5 ROl 
AM 17128 and by a grant from Hotfman-La Roche. 
Sheldon R. Pinnell is an investigator of the Howard 
Hughes Medical Institute. Kenneth A. Lindberg is a 
fellow of the Dermatology Foundation. John C. Murray 
was a Syntex Summer Research Fellow and a Summer 
Fellow of the Howard Hughes Medical Institute. 
Reprint req,uests to: Dr. S. R. Pinnell, Box 3135, 
Duke University Medical Center, Durham, North Car-
olina 27710. 
Abbreviations: 
BAPN: 3-aminopropionitrile fumarate 
diOH LNL: 5,5'-dihydroxylysinonorleucine 
dopa: L-,8-3,4-dihydroxyphenylalan..ine 
OH LNL: 5-hydroxylysinonorleucine 
Roche 4-4602: D,L-serine-(2,3,4-trihydroxybenzy))-
hydrazide 
146 
resistant to degradation from proteolytic attack 
l4l. 
Since hydroxylysine participates directly in in-
termolecular cross linking, control of hydroxyly-
sine formation would be expected to alter cross-
link formation. Hydroxylysine is formed intracel-
lularly as a post-translational modification of cer-
tain lysine residues in collagen by the action of 
lysyl hydroxylase. The activity of lysyl hydroxyl-
ase is inhibited by catechol analogs when mea-
sured as specific tritium release as tritiated water 
from an L-[4 ,5-~HI lysine-labeled unhydroxylated 
collagen substrate 151. Since catechol analogs in-
hibit hydroxylysine formation in such a cell-free 
assay. we were interested in whether or not these 
compounds could enter into the cell effectively, 
inhibit hydroxylysine formation intracelluJarly, 
and subsequently diminish intermolecular colla-
gen cross linking in a tissue culture system. Our 
present investigations were designed to determine 
the effectiveness of certain catechol analogs as 
specific inhibitors of collagen cross-link formation . 
MATERIALS AND METHODS 
Cross-Link Analysis 
Analysis of intermolecular cross links was modified 
from the procedure of Bailey et al 16J. Eighteen calvaria 
from 16-day-old chick embryos were incubated in 3 ml of 
Dulbecco's lysine-free minimal essential media (Grand 
Island Biological Co.) at 37"C with 150 1-Lg ascorbic acid, 
300 units penicillin, and 300 1-Lg streptomycin. Six cul-
tu re systems were prepared: a control without addi-
tions; 5 IJ.g/ml 3-aminopropionitrile fumarate cBAPNl 
!Aldrich Chern. Col; 10-:t M catechol; 10 " M dopamine-
March 1976 
HCJ (Arnar Stone); 10- a M L-{:l-3,4-dihydroxyphenylala-
nine (dopa) (Sigma Chemical Co); 10-:l M n.L-serine-
(2,3,4-trihydroxybenzyll hydrazide (Roche 4-4602. Hoff-
mann-La Roche). Twenty mjcrocuries of L-! 14C]lysine 
(New England Nuclear, sp act 0.1 mCi/ml) were added 
and the cultures were oxygenated 30 sec before continu-
ing incubation at 37•c for 48 hr in a shaking water 
bath. The calvaria were washed in distilled H20 and 
homogenized in saline (0.9% NaCJ , adjusted to pH 7.4 , 
with a solution of 1 M Na"C0,1) with the Polytron and 
centrifuged at 15.000 x g at 4•c for 15 min. The pellet 
was washed with saline (0.9% NaCI, adjusted to pH 7.4 , 
with a solution of 1 M Na2C0,.) and suspended in 10 ml 
of the same buffer along with 2 mg of sodium borohy-
dride (Sigma Chemical Co.). Reduction proceeded at 
room temperature for 1 hr with occasional stlrring, and 
then a few drops of glacial acid were added to stop the 
reduction by lowering the pH to 4.0. The samples were 
dialyzed against 16 liters of distilled H,O at s•c with 
one change over 2 days. The samples were lyophilized 
and 25 mg were hydrolyzed in 6 N HCl for 24 hr at 10s•c. 
Separation and identification of radioactive collagen 
cross links required a modified amino acid analyzer and 
ion exchange chromatography with pyridine-formjc 
acid buffers. Samples were dissolved in 1.0 ml of 0.1 M 
pyridine-formic acid buffer. pH 2.9. Amino acids and 
radioactive collagen cross links were eluted n·om a 0.9 
em x 54 em column filled with Beckman resin (Type 
M82 Beckman Instrument GMBH, Munich. West Ger-
many) kept at 57°C with a circulating water bath. The 
elution gradient was formed by running 1.0 M pyridine-
formic acid , pH 5.0, i_nt.o a 350-rnl mixing chamber 
containing 0.1 M pyridine-formic acid. pH 2.9. The flow 
rate was 50 ml/hr and 5-ml fractions were collected. All 
pyridine-containing buffers were made with ninhydrin-
free pyrirune which was prepared by redistilling the 
pyridine after refluxing with mnhydrin 2 gm!liter. The 
eluaLe was pumped through a Beckman {:l-Mate II 
eqwpped with a flow-cell for constant monitoring of 
radioactivity. The identity of radioactive cross links 
was confirmed by chromat.ography of the isolated peaks 
on a Beckman amino acid analyzer and comparison 
with the elution to known cross links (courte.;_v of A. J. 
Bailey. Langford, Bristol , UK l. 
Collagenase D1sgestion 
The newly synthesized collagen of the tissue cui tures 
was determined by a modification of the method of 
Peterkofsky and Diegelmann [7]. The same procedure 
was used with 50 units of Form III collagenase !Ad-
vance Biofacturers) per assay. The percent collagen 
present in a portion of analyzed substrate was deter-
mjned on the basis that. chick embryo skin type I colla-
gen contains 3.4~ lysine and hydroxylysine residues 
[8], while noncollagen proteins contai_n 6.5o/r lysine and 
no hydroxylysine 191. The formula of Diegelmann and 
Peterkofsky 110] was modified to account for the fact 
that collagen contains 52~ fewer lysine residues than 
other proteins. 
%collagen = 
dpm in collagenase digest 
(dpm in residue x 0.52) + (dpm in collagenase digest) 
X 100 
Assay for Lysyl Hydroxylase A ctivity 
Lysine-labeled unhydroxylated collagen substrate 
was prepared by incubating calvaria from two dozen 16-
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day-old chick embryos at 37•c with 1 mM. a,a'-dipyr i-
dyl, 150 1-Lg ascorbic acid, 300 units penicillin, and 300 
1-Lg streptomycin in 3.0 ml of Dulbecco's lysine-free min-
imal essential media (Grand Island Biological Co.). 
Four hundred microcuries of L-!4 ,5-3H]Iysine (New 
England Nuclear, sp act 1 mCi/ml\ were added and the 
culture was incubated at 37•c for 24 hr in a reciprocal 
water bath shaker. The calvar.·ia were homogenized 
with 8 mJ of distilled water using a Polytron (Brink-
mann! at full speed for 1 min and the h omogenate was 
centrifuged at 15,000 x g for 1 hr. The supernatant was 
dialyzed against 2 liters of 20 mM Tris-HCI buffer, 
adjusted to pH 7.6, at 4°C with three changes during 18 
hr. The substrate preparat ion was placed in boiling 
water for 10 min to remove endogenous enzyme activ-
ity. The sample was centrifuged at 15,000 x g for 30 min 
and the super-natant was stored at - 7o•c in 2-ml ali-
quots. Since diflerent unhydroxylated collagen sub-
strate preparations incorporated varying amounts of 
labeled- lysine residues, each experiment was run with 
the same substrate preparation. 
The preparation of lysyl hydroxylase was modified 
from the procedure of Kivirikko and Prockop I ll]. One 
hundred grams of decapitated and eviscerated 16-day-
old chick embryos were mixed with 100 ml of 0.2 M 
NaCI, 0.1 M glycine, 50 J-LM 1 ,4-dithiothreitol \Cyclo 
Chemical). 20 mM Tris-HCI buffe; adjusted to pH 7.5 at 
4°C. The mixture was homogenized in a blender <Oster 
Corporation) at full speed for 30 sec and then by Poly-
tron at full speed for 1 min. This homogenate was made 
O. l o/i: in Triton X-100 and stirred for 2 hr at 4°C and 
heated to 37°C for 15 min. The homogena te was centri-
fuged 500 x g for 10 min and the supernatant was 
centrifuged 100,000 x g for 1 hr. The supernatant was 
removed and sol id CNH.)2804 CAilied Chemical Co.) was 
slowlv stirred into solution until a ftnal concentration 
of0.72 M. The solution was sti rred 1 hr and was centri-
fuged 15,000 x g for 20 min. The supernatant was 
removed and solid (NH,J,SO. was slowly stirred into 
solution until a final concentration of 1.31 M. The solu-
tion was stirred 1 hr and was centrifuged 15,000 x g for 
20 min. The pellet was dissolved in 0.15 M NaCI. 0.1 M 
glycine. 50 J-LM 1,4-dithiothreitol. and 20 mM Tris-HCI 
buffer adjusted to pH 7.4 at 4•c. The enzyme prepara-
tion in a volume of 50 ml was dialyzed against 4 liters of 
the same buffer with three changes during 18 hr. The 
sample was diluted t.o a protein concentration of 30 mg/ 
ml and was centrifuged at 15,000 x g for 30 min. The 
supernatant was stored at - 70°C. Protein concentra-
tion was determined by the spectrophot.ometric method 
of Layne 112). 
Lysyl hydroxylase activity was measured by a trit-
ium release assay [13). The incubation mixture con-
tained in a volume of 1.5 ml, (6.0 x 10" dpm) L-[4,5-
:1H)Iysine collagen substrate, 0.5 to 1.5 mg, partially 
purified lysyl hydroxylase, 50 mM Tris-HCl (pH 7.8). 
0.5 mM a-ketoglutarate. 0.05 mM FeSO~. 0.5 mM ascor· 
bic acid , 0.1 mM 1 ,4-dithiothreitol. 2.25 mg bovine se-
rum a lbumin, 0.15 mgcatalase (Calbiochem). The reac-
t ion was initiated by addition of substrate. and samples 
were incubated at 37•c for 90 min. The reaction was 
terminated by addition of 0.1 ml of 50% trichloroacetic 
acid. Tritiated water was collected by vacuum distilla-
tion. One milliliter of the distilled sample was mjxed 
with 10 ml of Aquasol (New England Nuclear) for 
counting in a Packard Tri-Carb liquid scintillation 
counter. The counting efficiency was 23%. 
Solutions of inhibitor 1.5 x 10- 2 M {catechol, dopa-
rnine-HCI, Roche 4-4602) were prepared with distilled 
H20, and 0.1 ml of inhibitor solution was added to the 
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assay system after addition of all other components. L-
,B-3,4-dihydroxyphenylalanine (1.875 x 10 " Ml was pre-
pared with 0.1 M HCI and pH was adjusted to 7.6 follow-
ing solubilization. Eight-tenths milliliter of this L-dopa 
solution was added to the assay system after addition of 
all other components. 
RESULTS 
The addition of catechol analogs to tissue cul-
tures of chick embryo calvaria inhibited lysine 
hydroxylation and subsequent f01·mation of redu-
cible intermolecular collagen cross links (Fig. 1). 
In the presence of ,8-aminopropionitrile, which 
inhibits collagen cross-link formation by inacti-
vating lysyl oxidase but has no effect on hydroxy-
lysine synthesis, hydroxylysine formation was 
90% of control cultures and cross-link formation 
was inhibited 88% for 5.5'-dihydroxylysinonor-
leucine !diOH LNL) and 65o/r for 5-hydroxylysi-
nonorleucine lOH LNLl. When catecho110 :1 M , L-
dopa 10-:1 M, dopamine 10-:1 M, and Roche 4-4602 
10 :t M were added to separate cultures, the for-
mation of both hydroxylysine and hydroxylysine-
derived cross links was markedly inhibited. 
The values for formation of hydroxy lysine and 
intermolecular cross links are expressed in terms 
of cpm of lysine incorporated into tissue so that 
the observed inhibition is not related to a toxic 
effect of the catechol analogs on the uptake of 
labeled lysine. The samples were digested with 
proteinase-free collagenase to measure newly 
synthesized radioactive collagen in the presence 
of other proteins in the tissue culrure. Since the 
collagen contents were not diminished in the 
presence of the catechol analogs, these com-
pounds did not inhibit formation of hydroxy lysine 
or cross links by selectively impeding collagen 
bio ynthesis rTab. l. 
Figure 2 illustrates how catechol analogs in-
hibit hydroxylysine formation in a cell-free assay 
which measures tritium release from an L-[4,5-
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FrG. 1. Inhibition of hydroxylysine and hydroxyly-
sine-derived cross-link formation in organ culture sys-
tems of chick embryo calvaria grown in the presence of 
catechol analogs and ,B-aminopropionitrile. DiOH LNL 
is 5,5' -dihydroxylysinonorleucine and OH LNL is 5-
hydroxylysinonorleucine. The control value for hydroxy-
lysine was 20,121 for lfr' cpm lysine, diOH LNL was 
1971 cpm for 10" cpm lysine, and OH LNL was 693 cpm 
per 10" cpm lysine. Numbers represent average and 
range of duplicate determinations. 
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TABLE. Collagenase digestion of chick embryo calvaria 
cultured in the presence of catechol analogs" 
Addiwon 
None 
,B-aminopropionitrile 5 1-lg/ml 
Catechol 10-~ M 
Dopamine 10 3 M 
L-dopa 10 " M 
Roche 4-4602 10 " M 
% Collagen 
biosynthesis • 
76 
93 
90 
78 
90 
83 
" The content of newly synthesized radioactive colla-
gen was measured using 50 units of Form III collagen-
ase lAdvance Biofacturesl and a modified method of 
Peterkofsky and Diegelmann 1101. 
1
' Each value represents the average of two determi-
nations. The range of dpm in collagenase digest was 
from 968 to 4364. The range of dpm in the residue was 
from 396 to 1495. 
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Frc. 2. Inhibition of lysyl hydroxylase activity in 
the presence of catechol analogs as measured by specific 
tritium release as tritiated water from an L- I4,5-
:1HJ]ysine-labeled unhydroxylated collagen subst rate. 
The control values of !:J. dpm lysyl hydroxylase activity 
without inhibitor ranged from 3715 to 4939 !:J. dpm. 
"Hllysine-labeled unhydroxylated collagen sub-
strate. In order of effecL. 50'k inhibition of hy-
droxylysine formati on was obtained in the cell-
free assav bv 1 x 10-:. M Roche 4-4602 . 2 x 10 :. M 
dopamine , 3 x 10 .-. M catechol, and 9 x 10 :. M L-
dopa. 
DISCUSSION 
Insight into collagen cross links followed the 
discovery that lathyrogens, such as ,8-aminopro-
pionitrile, specifically inhibit collagen cross link-
ing [14]. When ,8-aminopropionitrile is adminis-
tered to young animals. they develop extremely 
fragile connective t issues manifested by loss of 
tissue tensile strength and associated with sponta-
neous aortic rupture, abdominal herniations, and 
severe bony deformations I l 5.16]. The defective 
collagen synthesized by lathyritic animals is 
caused by the irreversible inhibition of lysyl oxi-
dase by ,8-aminopropionitrile 117 J. Lysyl oxidase, 
an extracellular copper-dependent enzyme, oxida-
tively deaminates certain lysine and hydroxyly-
sine residues of the nonhelical portion of the colla-
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gen molecule to form aldehyde derivatives 118, 191. 
After aldehyde derivatives have been formed in 
collagen, further cross-link reactions are thought 
to take place spontaneously 1201. The aldehyde 
derivatives are believed to condense with free epsi-
lon-amino groups of predominantly hydroxyly-
sine, forming aldimine bonds. Since aldimine 
bonds are labile to hydrolytic methods necessary 
for identification, the existence of these bonds has 
been deduced following stabilization with borohy-
dride reduction 121]. Borohydride reduction pro-
duces a series of derivatives of lysine and hydroxy-
lysine compounds, most of which have been char-
acterized. 
With this technique of borohydride reduction of 
newly synthesized collagen cross links, we have 
presented evidence that cross~! ink formation is in-
hibited by catechol analogs. Collagen from these 
cultures of chick embryo calvaria also contained 
fewer hydroxylysine residues. Since hydroxy lysine 
formation was inhibited in vitro when catechol 
analogs were added to the cell-free assay, we pro-
pose that catechol analogs must be capable of pass-
ing through cel1 membranes Lo inhibit hydroxyly-
sine formation in calvaria, since the same relative 
order of inhibitory potency was observed in the 
cell-free assay and tissue cultures. A diminished 
amount of hydroxy lysine in newly synthesized col-
lagen would be expected to be reflected in a dimi-
nution of hydroxylysine-derived collagen cross 
links. 
Although the molecular assembly of cross link-
ing and its r egulation are not entirely understood. 
much information has accumulated conceming 
the chemistrY of these cross links and their tissue 
spec1ficity \l-31. The predominant cross link of 
chick embryo bone and cartilage is ~11-dehydro-
5,5' -dihydroxylysinonorleucine. which contains an 
aldimine bond derived from the condensation of 
hydroxylysine a nd it~ aldehyde derivative h~·­
droxyallysine [22.231. This bond imparts added 
stability to tissue due to its ability to rearrange 
spontaneous ly from the aldimine to a more stable 
keto amine or enaminol form [24]. Since this 
cross link is derived from two hydroxylysine 
residues, hvdroxvlvs ine-deficient collagen would 
lack the e~tra stability of this cross link. The 
other collagen cross link. whose formation is in-
hibited by catechol analogs, is .1"-dehydro-5-hy-
droxylysinorleucine. The a ldimine bond in this 
compound requires hydroxylysine and is derived 
from the condensation of either allysine and hy-
droxy lysine or hydroxyallysine and lysine 125]. Al-
though the exact mechanism of inhibiting cross-
link formation by catechol analogs remains un-
clear, the correlation bet'I>Yeen inhibition of hy-
droxylysine formation and inhibition of cross-
link formation suggests that these compounds pro-
duce hydroxylysine-deficient collagen with a 
limited capacity for intermolecular cross-link for-
mation. 
An inhibitor oflysyl hydroxylase, Roche 4-4602, 
has been associated with connective tissue abnor-
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malities. Rats fed a diet of Roche 4-4602 demon-
strated abnormalities of the epiphyseal plate in 
the transformation of chondral into bony tissue as 
well as lordosis-scoliosis of the spine and marked 
dislocations of the sternal segments [26]. Although 
the pathogenesis of these connective tissue abnor-
malities remains unresolved , Roche 4-4602 in-
hibits hydroxylysine formation in vitro, suggest-
ing that this drug may be imp! icated in produc-
tion of hydroxylysine-deficient collagen with di-
minished intermolecular cross links. 
The pharmacologic control of collagen cross-link 
formation potentially has clinical significance. 
Numerous clinical conditions, such as sclero-
derma, osteoarthritis, rheumawid arthritis, liver 
cinhosis, hypertrophic scars, and keloids are char-
acterized by a rapid proliferation of collagen and 
resulting malfunction of connective tissue. The 
accumulation of collagen may be related to either 
increased synthesis or decreased degradation. 
Limited proteolytic digestion of collagen may be 
due to inhibition of collagenase or to the nature of 
collagen cross links. Abnormalities in collagen 
cross linking have been identified in scleroderma 
where newly synthesized collagen contains a high 
proportion of reducible aldimine bond cross links 
which may influence the rate of catabolism by 
collagenase {271. If hydroxylysine formation and 
subsequent intermolecular cross linking could be 
pharmacologically controlJed, modified collagen 
would be formed which might be more easily de-
graded. since collagenase is more efficient against 
poorly cross-linked or uncross-linked collagen 14]. 
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